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ABSTRACT
An experimental study was performed on a six
centimeter (anode diameter) ion thruster using oxygen as the
propellant. The engine is of the electron bombardment type
and employs a thermionic (filament) cathode. A tapered
magnetic field is supplied by windings of insulated wire. The
focus of the study is on plasma diagnostics using cylindrical
Langmuir probes. Their use in flowing plasmas and electro-
negative gases is discussed.
Several tests were performed analyzing the varia-
tion of discharge chamber and stream plasma properties
(electron density, electron temperature, and plasma space-
charge potential) with engine operating parameters such as
neutral flowrate, magnetic field strength,.and accelerator
grid potential. Also presented are the radial distributions
of plasma properties in the discharge chamber and in the beam
region.
The estimated maximum propellant utilization
efficiency was found to be 6 f and the estimated thrust was
58 micronewtons. The equivalent neutral flowrate varied
between 80.1 and 299.3 mA.
Thesis Supervisor: Dr. Manuel Martinez-Sanchez
Title: Professor of Aeronautics and Astronautics
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LIST OF SYMBOLS
Ap Pprobe collection area
B magnetic field strength
ce average electron speed
C+ average positive ion speed
c_ average negative ion speed
F screen open area fraction
IA anode collection current
I B beam current
IBF magnetic winding current
I C cathode emission current
I, eelectron current
Ig Gaccelerator grid impingement current
IN neutralizer emission current
I 0 equivalent neutral current
Ip Pnet probe collection current
IW ion current to outer body
I+ ion current
je electron current density
jp net probe current density
j+ ion current density
L probe length
l s sheath thickness
ND Debye length
n e electron density
nm maxwellian electron density
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n primary electron density
n+ positive ion density
n_ negative ion density
R probe radius
rL Larmor radius
Te electron temperature
T+ positive ion temperature
T_ negative ion temperature
U beam velocity
vB Bohm velocity
vBM modified Bohm velocity
V accelerator grid potential
VN net acceleration potential
VOC zero current probe potential
VP probe potential
VR reference potential
VS plasma space charge potential
LIST OF CONSTANTS
e electron charge magnitude
(1.602 x 10-19 C)
e 0permittivity of free space
(8.85 x 10 -12 C2 .N-1 .m-2)
k Boltzmann's constant
(1.38 x 10- 23 J-K~4 )
me electron mass
(9.11 x 10-31 kg)
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M+ positive ion mass (02 +
(5.32 x 10 -26kg)
m- negative ion mass (0~)
(2.66 x 10-26 kg)
u 0permeability of a vacuum
(12.57 x 10-12 Wb-1A.m~)
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I. INTRODUCTION
1.1 Ion Propulsion
The 1960's and 1970's saw an explosion in the area of
space exploration and utilization, highlighted by Project
Apollo. And although the feverish pace of advances made dur-
ing that era is now noticeably missing, the slow but steady
planetary exploration program and the coming of age of the
Space Shuttle indicate that man, indeed, is in space to stay.
New missions such as Galileo and the multi-national Halley
probes are to follow in the footsteps of Pioneer and Voyager.
Telecommunications and earth-watching satellites ring the
earth, mainly in geostationary orbit. Future plans include
solar power satellites constructed in space which will beam
their power to earth receiving stations of areas measured in
square kilometers. The trend is toward going farther and
operating longer in space.
It has been recognized that as mission durations and
ranges increase, the desirability of using conventional chem-
ical propulsion decreases. Mission times become unacceptably
long for interplanetary probes and propellant requirements
too great for long term station-keeping and the inter-orbit
transfer of large space structures. Optimization of such
missions calls for propulsion systems with very high specific
impulses. Ion engines, with specific impulses in the 2000-
10,000 second range, offer a definite advantage over chemical
systems in these missions.
Ion engines, or thrusters, belong to a family of pro-
pulsion systems called electrostatic accelerators. Basically,
they consist of an ion source, an acceleration system, and
a beam neutralization system. The engine used in this study
includes an electron bombardment ion source, a perforated
grid accelerator system, and a hot filament neutralizer.
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1.2 Ion Engine Research
Most work to date on ion engines involves mercury pro-
pellant. Mercury is attractive as a propellant because of
its high atomic mass and relatively low ionization potential.
The state-of-the-art in mercury thrusters is the J Series 30
centimeter thruster. It is scheduled to be the primary pro-
pulsion unit in the Solar Electric Propulsion Stage (SEPS).
This is basically a solar array powered propulsion stage
designed to be used in a variety of earth-orbital and plan-
etary missions. Eight thrusters are employed, each possessing
an estimated lifetime of 15,000 hours and operating at up to
160 % total (power and propellant utilization) efficiency .
Work on alternate propellants has also been under way.
In 1971, Byers and Reader 2 tested several inert gases along
with nitrogen, helium, and carbon dioxide. They obtained
favorable results except for the cases of nitrogen, neon,
and helium. They attribute the low propellant utilization
efficiencies obtained (3 to 4% in the cases of nitrogen and
neon) to the functioning of a hollow cathode using low
molecular weight gases. The propellant utilization effi-
ciency is a measure of engine performance and is equal to
the mass flow exhausted in the ion beam divided by the
total mass flow injected into the engine. In a more recent
study, Sovey3 was able to attain propellant utilization
efficiencies of over 90% using argon, krypton, and xenon.
To the author's knowledge, no work appears to have
been done on oxygen as an ion thruster propellant. Work,
however, has been done on oxygen glow discharges which are
somewhat similar. They differ from ion engine operation in
that no ions are extracted, no external magnetic fields are
present, the pressures involved are usually higher, and the
geometries are different.
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1.3 Evolution of Current Study
Several years before this study was undertaken, the
idea of developing an oxygen ion engine was first discussed
at the MIT Space Systems Lab. The advantages of using oxygen
as the propellant, instead of more conventional propellants
such as mercury and argon, were identified. These included
the relative abundance of oxygen, its expected availability
from extraterrestrial sources, and its environmental safety.
However, oxygen's performance as a propellant had not, to
anyone's knowledge, been explored. Therefore, with borrowed
and donated equipment and supplies, the study was begun.
The first step was to build and test an argon ion
thruster. This was done to acquaint the experimenters with
ion engine operation and plasma diagnostics. The behavior of
argon is easier to analyze since it is an inert monatomic
gas. Oxygen, on the other hand, is molecular and electro-
negative. After trying several different power supply and
engine configurations, the engine displayed the symptoms of
operation. The next step was to verify that the engine was
indeed operating. Since the thrust output is very small, it
was decided that direct thrust measurement was not feasible.
However, since the engine is a plasma generating and accel-
erating device, it was decided to employ Langmuir probes, a
standard plasma diagnostic tool. Several probe designs were
tested before arriving at the final cylindrical probe design.
The results verified the presence of ions and a plasma beam.
The oxygen ion engine was the next step. Oxidation was
expected to be the major problem. Previous tests of hot
filaments in low pressure (millitorr range) air atmospheres
resulted in oxidation and the eventual melting of the fila-
ments. However, at the pressure levels present inside the
actual engine, much lower than in the previous tests, the
filaments developed no observable oxidation layers. After a
few hours, though, the filaments did suffer an observable
loss of material, i.e. holes developed or the diameter de-
11
creased, which may be due to chemical processes (oxidation)
or ion sputtering.
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1.4 Terrestrial and Extraterrestrial Oxygen Sources
As previously mentioned, one of the reasons oxygen is
desirable as a propellant is that it is abundant. In fact, it
is available from several sources, both terrestrial and
extraterrestrial. At altitudes up to about 150 km, the pre-
valent species in the atmosphere is nitrogen. At higher al-
titudes, however, atomic oxygen becomes the prevalent spe-
cies 5 . This suggests an interesting source of oxygen for
earth-orbital and inter-orbit spacecraft, the oxygen ram-
scoop6. At near-earth, it may be possible to gather propel-
lant in a lightweight scoop as the vehicle passes through the
monatomic oxygen rich ambient atmosphere. In this manner,
little or no additional propellant would be required (except
perhaps for attitude control). Additionally, drag due to the
ramscoop would be minimal. That is, oxygen gathered by the
scoop would only need to be decelerated to zero velocity
with respect to the vehicle while a solid surface requires
the particles to decelerate and then rebound at some finite
velocity in order to flow around the surface. This trans-
lates into lower drag for the scoop as compared to a similar
solid surface. Of course, the vehicle would have a minimum
altitude of operation. This occurs at the altitude at which
the drag on the vehicle is equal to the thrust of the
engines. Also, if solar arrays are used, the minimum alti-
tude would be slightly higher because of loss of thrust
while the vehicle is in earth shadow.
A second possible oxygen source is the moon. It has
been found7 that in samples brought back from the mare and
highland regions of the moon, oxygen accounts for over 40%
of the soil composition. However, what makes the moon econo-
mically attractive is the availability of other highly desi-
rable elements such as iron, aluminum, titanium, and magne-
sium. In addition, the moon offers an unlimited supply of
solar power, low gravity, and environmental safety. Thus it
would seem that the question is not whether lunar mining
13
operations will begin, but when.
The extraction of elements, including oxygen, from
8lunar soils has been analyzed . Although untested on a large
scale, several processes have been suggested for the extrac-
tion of certain useful and valuable metals. The extraction
processes for aluminum, iron and titanium, and magnesium are
displayed in Appendix B. For example, anorthite (CaAl2 Si208)
would be the source of aluminum. Ilmenite (FeTiO 3 ) would
yield iron and titanium. And olivine (Mg2SiO4-Fe2SiO) would
be the source of magnesium.
Oxygen would be recovered through the processing of
carbon monoxide, a by-product in several of the above men-
tioned metal recovery schemes. The extraction process is
depicted in Figure 1.4-1. Methane and water are produced in
a catalytic reactor:
C0(g) + 3H2 (g)- C--H4 (g) + H 20(g)
Hydrogen is obtained from the solid state electrolysis of
water, carbon monoxide, and carbon dioxide. Carbon dioxide
is obtained from the dissociation of carbon monoxide in the
so-called Boudouard reaction:
2C0(g) catalyst CO2 (g) + C(s)
The solid state electrolysis process involves an electrolyte
of calcia-stabilized zirconia, yttria-stabilized thoria, or
cesium dioxide doped with 5% yttria trioxide. The electrodes
are platinum and the cell configuration is:
Pt,0 2/ Solid electrolyte,O 2-/ C02 ,CO,H20,Pt
The half reactions are:
Anode: 202---- 02 (g) + 4e~
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Figure 1.4-1 Oxygen Recovery Process (from Ref. 8)
Cathode: 2CO 2 (g) + 4e- 2C0(g) + 202-
2H2 0(g) + 4e--- 2H2 (g) + 202-
The net reactions are:
2C0 2 (g) - 2C0(g) + 02(g)
2H20(g)-- 2H2 (g) + 02(g)
A third potential source of oxygen is the asteroid
belt. According to O'Leary, et. al.9 , the composition of
several asteroid types has been inferred from meteorite sam-
ples. These indicate that most ordinary and low-grade car-
bonaceous chondrite asteroids contain greater than or about
10% free metals, water, and carbon. The free metals could be
sifted out and magnetically separated. Water and carbon
dioxide would then be extracted in a solar furnace at a temp-
erature of about 6000 C. Solar powered electrolysis would
further decompose water into its constituents.
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It is apparent that oxygen is (or will be) available
from several sources, none of which requires that it be
brought up from the gravity well of earth. This fact alone
makes oxygen economically desirable as the propellant for
many missions. It should also be noted that oxygen may be
the only permanent gas available in space. Thus it would
seem that an oxygen ion engine has several advantages over
other systems. It remains only to prove that oxygen thrusters
are dependable and possess the required lifetimes.
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II. ELECTRON BOMBARDMENT THRUSTER OPERATION
2.1 General Theory
The ion engine constructed for this study is of the
electron bombardment type. Energetic electrons are produced
and allowed to collide with neutral atoms and molecules to
form ions. It consists of six major components: the cathode,
the anode, the magnetic field windings, the screen grid, the
accelerator grid, and the neutralizer (See Fig. 2.1-1).
screen gri d . accelerator grid
anode
beam
cathode ) ,,
's neutralizer
Smagnetic field
windings
Figure 2.1-1 Basic Engine Construction
The cathode is located at one end of, and centered in,
the tubular anode. It is a filament which emits thermion-
ically i.e. it emits electrons when heated. The anode is
concentrically mounted in an outer body which serves to
support the magnetic field windings. The screen and accel-
erator grids are located at the end of the anode opposite
the cathode. They are mounted on the outer body. The neutral-
izer, like the cathode, is a hot filament located downstream
from the engine and immersed in the ion beam.
The discharge chamber of the engine consists of the
volume enclosed by the outer body, the screen grid, and the
backplate. In this volume, a plasma is generated consisting
of ions, electrons, and neutrals. From this plasma, positive
ions are extracted by the grid system and exhausted in a high
17
velocity beam. This beam is prevented from backstreaming by
the introduction of electrons at the neutralizer. The dis-
charge chamber plasma itself is created by injecting a gas
flow and bombarding it with electrons from the cathode. The
magnetic field windings serve to increase ionization by in-
ducing circular electron paths. This increases the electron's
time of flight to the anode and thus the probability of
collision.
The plasma contained in the discharge chamber is fairly
dense. Sheaths form at all surfaces not at the same potential
as the plasma. These sheaths vary in thickness depending on
the potential difference between the plasma and the surface.
The higher the potential difference, the thicker the sheath.
A radial cross section of the engine discharge chamber is
shown in Figure 2.1-2 depicting a simplified potential vari-
ation. As can be seen, the plasma acquires a potential, VS,
which is higher than both the anode potential, VA, and the
cathode potential, VR. In this manner, the plasma retards the
loss of the highly mobile electrons and remains essentially
neutral. Electrons emitted by the cathode accelerate across
the cathode sheath. They enter the plasma with both the
energy acquired due to the above acceleration and the thermal
energy acquired at the cathode (although the latter is
V
cathode ---- -, anode
sheath sheath
plasma anode
potential potential
cathode -
potential I
C.L. r
Figure 2.1-2 Discharge Chamber Radial'Potential
Variation
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negligible compared to the former). These high energy elec-
trons are called the "primaries" and will be denoted by the
subscript "p". Once within the plasma, they collide with
neutral atoms and molecules, ions, and other electrons. The
results of these collisions include excitation, attachment,
and ionization. The primaries lose part of their energy at
each collision. These, along with electrons liberated in
ionization and other processes, become the constituents of
the second electron group, the "maxwellians" (subscript "m").
This is due to the fact that they usually exhibit a Maxwel-
lian energy distribution. Also, their temperature is general-
ly higher in smaller engines10 . In an experiment involving
an argon thruster3 and in an experiment on an oxygen glow
4
discharge , two distinct maxwellian groups were identified.
Of course, it is desirable to maximize the positive
ion production rate. This is usually done by sizing the ca-
thode sheath potential so that the primaries enter the plasma
with that energy associated with the maximum ionization cross
section. Since it is known that the plasma is at a potential
which is higher than the anode, the anode potential may be
set at a level which is just lower than the optimum electron
energy level. The cathode sheath will then possess the re-
quired potential rise.
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2.2 The Oxygen Plasma
The oxygen plasma differs from the typical ion engine
discharge chamber plasma in that it contains a substantial
number of negative ions. Oxygen is electronegative meaning
that it has an affinity for electrons. This affinity can be
attributed to oxygen's nearly complete outer electron shell.
The ions typically present in this plasma are: 02, 0 , Q ,
4
and 02. Thompson found that in the positive column of an
oxygen glow discharge, the ratios of these species were:
(0~)/(0+) = 0.9; (0+)/(02) = 0.014; and
(0~)/(0~) = 0.1
where ( ) indicates specie density. The first ratio indi-
cates that the density of negative ions is nine times that
of electrons for plasma neutrality to exist. It should be
noted for comparison purposes that these values were ob-
tained in a glow'discharge at a pressure of approximately
0.04 torr and with currents of 1 to 100 mA.
The creation and loss mechanisms have also been ana-
lyzed . 0~ is created primarily in the processes:
02 + e----0 + 0~ Dissociative attachment
02 + e--+-0+ + 0 Polar dissociation .
Since the plasma is at a potential which is usually higher
than any other surface bounding it, it contains the nega-
tive ions very effectively. The loss mechanism for 0~ has
been found to be mainly "associative detachment":
0 + O~ --- 02 + e
0+ is produced in polar dissociation and in the process:
0 + e --- 0 + + 2e Monatomic ionization
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0+ is lost through charge transfer to 02, to wall migration,
and to the ion beam. 0 is created in the molecular ioniza-
tion process:
0 + e -- 0 + 2e
and is lost in migration to enclosing surfaces, to the beam,
and to the process:
0~ + 0 -0 + 0 Charge transfer
Monatomic oxygen is created both in dissociation and in
dissociative attachment. Its loss is due primarily to wall
migration.
In addition, metastables (e.g. 02 (a ag)) may have a
11considerable effect, according to Laska and Masek .These
02 (a Ag) take part in the creation of both positive and
negative ions in processes similar to those involving 02*
The energy required to attain this excited state is 0.98 eV
per molecule4 .
For the purposes of this study, it will be assumed
that the plasma is composed of only 0~ and 0+ ions along
with neutrals and electrons. The beam will be assumed to
contain only 0+ ions. This assumption, based on the above
information, appears to be fairly valid. With this in mind,
the anode voltage may be set as previously discussed. The
ionization cross section for 02 has a maximum value at an
12
electron energy of approximately 125 eV . During exper-
imentation, the anode was set at a potential of 125 volts.
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2.3 Modified Bohm Velocity
The loss rate of ions from the discharge chamber plas-
ma is determined by the ion density and by a quantity known
as the "Bohm velocity". This is the velocity at which ions
drift towards the sheaths under the influence of electrons
in a so-called pre-sheath. With only positive ions and elec-
trons present, it has a value of'3 :
vB = [(qkTm(1+np))/(em+nm)]1 (2.1)
where q is the ion charge, e is the absolute value of the
electron charge, k is the Boltzmann constant, m+ is the ion
mass, nP is the primary electron density, nm is the max-
wellian electron density, and Tm is the maxwellian electron
temperature. This would apply to engines operating on
propellants such as mercury and argon. However, in the pre-
sence of negative ions, it must be modified.
Near a negative surface, the potential (plasma)
begins to fall. When it has reached a point at which e-V
is greater than the energy of. the primary electrons, only
ions will be present. Before this point is reached, the
density of maxwellian electrons is given by:
nm(x) = nmexp [eV(x)/kTm] (2.2)
where nm will be taken to be the electron density within
the plasma, V(x) is the plasma potential at x, nm(x) is the
maxwellian electron density at x, and x being the location
within the presheath. Likewise, since negative ions are
effectively contained by the sheath drop, the negative ion
distribution is given by:
n_(x) = n-exp[eV(x)/kT] (2.3)
where n_ is the negative ion density in the plasma and T_ is
22
the negative ion temperature. The streaming positive ion
density distribution is found from continuity to be:
n+(x) = n+V+ V+(x) (2.4)
where n+ is the positive ion density in the plasma, v+ is
the positive ion velocity at the edge of the sheath, and
v+(x) is the positive ion velocity within the presheath.
From conservation of energy:
eV(x) + km +(x) 2 = Lm v 2  (2.5)
so that:
v+(X) V+ 2-2eV(x)/m+ 2 (2.5)
Inserting (2.2) into (2.1) and cancelling appropriate terms:
2 1
n,(x) = n+/ {1-2eV(x)/m+v+ ]2  (2.6)
Over the region under consideration, the density of the
primaries may be assumed to be the same as in the plasma
due to their high energy. Assuming that the presheath is
still neutral, the following must hold:
n+(x) = n_(x) + n + nm(x) (2.7)
Also:
n+ = n_ + np + nm (2.8)
From (2.2), (2.3), (2.6), and (2.7):
n+/[1-2eV(x)/m+v+ nmexp[eV(x)/kTml
+ n-exp[eV(x)/kT_ + np (2.9)
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For small values of V(x), (2.9) can be expanded to give:
n. 1+eV(x)/m+v+2] = nj1+eV(x)/kTm
+ n_ [1+eV(x)/kT_) + np (2.10)
ignoring higher order terms. Noting (2.8), cancelling V(x),
and solving for v+ yields:
v = tn+/ m+(nm/kTm + n/kT)]2 (2.11)
This is the Bohm velocity modified to account for negative
ions and will be denoted as "v BM". In practice, it yields
a value which is lower than VB and of the same magnitude as
the ion thermal velocity, c+. The loss rate to a negative
surface is thus given by:
I+ = en+AvB (normal plasma) (2.12a)
= en+AvBM (electronegative
plasma) (2.12b)
where A is the area of the surface.
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2.4 Positive and Negative Ton Production Rates
The approximate rates of production of both the posi-
tive and negative ions may be calculated using available
cross section data. The rate of production of positive ions
per unit volume, R+, can be expressed in the form:
R+= nn npP(Ep) + nmQ+(Tm) (2.13)
where nn is the number density of neutrals, P+ is the pri-
mary rate factor, Q+ is the maxwellian rate factor, and Ep
is the primary electron energy. Similarly, the rate of pro-
duction of negative ions per unit volume, R_, is of the form:
R_= nn[npP_(Ep) + nmK-(Tm)l (2.14)
where P and Q_ are the rate factors associated with nega-
tive ion production. The rate factors are defined as the
product of the cross section and the electron velocity, v,
integrated over the appropriate distribution function (max-
wellian in the case of the maxwellian electrons and delta
function in the case of the primary electrons). The equa-
tions are as follow:
P = vcr(E ) (2.15a)
Cop
Q = va(E)f(E)dE (2.15b)
where a is the cross section and f(E) denotes the maxwellian
distribution function. Using data obtained from References
4 and 12 and the Trapezoidal Rule (in calculating Q), the
following values are obtained:
P+(125.9 eV) = 1.82 x 10-13 m3 .s-1
Q,(30 eV) = 6.09 x lo1 4 m3 .s-1
P_(125 eV) = 1.82 x 10-16 m3 .s-1
(Polar dissociation)
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Q_(30 eV) = 7.82 x 10-18 m3 -s~
(Dissociative attachment)
Q_(30 eV) = 1.10 x 10-16 m3 -s~
(Polar dissociation)
Note that there are two values for Q_ corresponding to the
two processes in which negative ions may be formed from
neutrals: dissociative attachment and polar dissociation.
It should also be noted that cross section data for the
polar dissociation process exists in Reference 4 only up
to an electron energy of 55 eV and so an extrapolation of
available data was used in calculating P_ and Q_(polar
dissociation).
It is evident that R+>> R_ because of the higher rate
factors involved. This would lead one to assume that the
negative ion population builds up to a certain steady state
level at which the rate of production just equals the rate
of losses to processes such as associative detachment. The
positive ions, on the other hand, can migrate to the walls
or be extracted in the beam.
Note: The ion production rates, R, and R, refer to the pro-
duction of 02 and 0~ from neutrals, respectively.
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2.5 Determination of Beam Velocity and Thrust
The velocity of the ion beam, U, is determined by the
plasma potentials of the beam and discharge chamber. Refer-
ring to Figure 2.5-1, it can be seen that ions falling into
the screen sheath and successfully extracted are accelerated
to the accelerator and then decelerated once they leave the
engine by a potential rise. The final velocity attained by
the ions can be found by equating the kinetic energy to the
energy acquired in the electric field:
im+U2 = N (2.16)
where VN is the net acceleration voltage and is equal to
VS(chamber) - VS(stream). Solving for the beam velocity
gives:
U = (2eVN/m+) 2  (2.17)
The thrust is approximately equal to 1:
T = ;U (2.18)
where m is the mass expelled per unit time. If the beam
current, IB' is known, the thrust is then equal to:
T = IBMU/q (2.19)
where M is the ion molecular mass.
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potenti
screen grid VN
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stream potential
accelerator
grid potential
thruster
eaccelerator
grid
screen grid
Figure 2.5-1 Axial Potential Variation
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2.6 Concept of Electron Trap in the Beam
The potential variation in the beam is typically as
shown in Figure 2.6-1. The beam plasma potential is higher
than that of the accelerator and neutralizer in a properly
designed engine. Electrons are prevented from traveling
upstream to the engine by the potential drop near the grid.
Since the beam edges both radially and at large distances
downstream are also at lower potentials, an electron trap is
formed. This trap causes the electrons emitted from the
neutralizer to rebound from the beam boundaries and contains
them long enough so that their energies are randomized
through collision effects15. This is the reason the electrons
present in the beam plasma usually exhibit a maxwellian
distribution.
V
neutralizer
distance along
accelerator beam axis
Figure 2.6-1 Potential Variation In The Beam
29
III. PLASMA DIAGNOSTICS USING LANGMUIR PROBES
3.1 Basic Probe Theory
The Langmuir probe is basically an electrode inserted
into a plasma whose potential with respect to the plasma
may be varied. A current of charged particles is collected
by the probe with the current magnitude and type of parti-
cle collected determined by the probe's relative potential.
A plot of collected current, IP, versus probe potential, VP,
is called the probe "characteristic". An ideal probe charac-
teristic is shown in Figure 3.1-1 for an electron-positive
ion plasma with both species possessing Maxwellian energy
distributions. For the purposes of this study, electron
I P0
070 O S VP
Figure 3.1-1 Ideal Probe Characteristic
current will be considered positive. When the probe is
biased sufficiently negative (region A), the probe will repel
all electrons and collect only ions intersecting the probe
sheath. For a thin sheath, this current is equal to:
I = !ZeAgn+ 4  (3.1)
where Z is the ion charge multiplier (Z=1 for singly charged
ions), AP is the probe collection area, and c+ is the average
ion speed. The average speed for a charged particle in a
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Maxwellian distribution is given by:
1
c = (8kT/im) 2  (3.2)
where T is the species temperature and m is the particle
mass. In region B, the probe collects both ions and electrons
so that the probe current is:
Ip = eAp[neceexp(-e(VS-Vp)/kT e)
-Zn+C+l (3'3)
where ne is the electron density, Te is the electron temper-
ature, and me is the electron mass. The plasma potential is
usually found by locating the bend in the characteristic as
shown. At the point VP = VOC, the electron and ion currents
to the probe are equal. This is the zero current potential.
In region C, the current to the probe is equal to:
p= eAPnece (3.4)
since all ions are repelled at a few volts above VS for the
typical plasma in which Te is much higher than T+. It should
be remembered that these results apply to the thin sheath
case.
The actual characteristic observed in this study is
as shown in Figure 3.1-2. Neither ion nor electron sat-
uration occurs. This may be due to several causes. First
of all, as the probe is biased higher or lower than VS, the
sheath grows in thickness thereby increasing the probe's
effective collection area. Ssecondly, if the probe is nega-
tive with respect to the plasma, the ions are accelerated
within the sheath and acquire high kinetic energies. Upon
impact on the probe surface, the ions cause electrons to be
emitted into the plasma. This process is known as secondary
emission and effectively multiplies the ion current by a
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Figure 3.1-2 Typical Probe Characteristic
factor called the secondary emission coefficient. As an
example, the values of this secondary coefficient for singly
charged argon ion impact on tungsten are given in Table
3.1-1 . It was also found'7 that in the presence of a high
velocity flowing plasma, a probe biased positive with respect
to VS is not shielded by a plasma sheath. A wake is created
and a region in which the potential is higher than that of
the probe may be created upstream from the probe.
Table 3.1-1 Secondary Emission Coefficient For
Argon Ion Impact On Tungsten
Ion energy
(keV) 0.01 0.03 0.10 0.30 1.00
Coefficient 0.035 0.040 0.045 0.058 0.075
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3.2 Determination of ne, Te, and VS
In spite of the above complications, it is still
possible to determine VS. Making the appropriate assumptions,
ne and Te may then be determined. Figure 3.2-1 shows a typi-
cal semi-log plot of probe current density, jp(=TP/Ap),
versus V . Over most of the electron repelling-positive ion
attracting region, the electron current is much greater than
the ion current due to the higher electron temperature and
lower mass. Neglecting the ion contribution and converting
to current density, (3.3) becomes:
jp = 'eneceexp[-e(V 5-Vp)/kT(
Taking the natural log of (3.5) yields:
ln jp = ln( enec,) - e(V -Vp)/kT, (3.6)
Since ,en c and e/kT are constants (assumed), (3.6) is
the equation of a straight line of slope e/kTe. Returning
to Figure 3.2-1, it can be seen that A is the region in
which the ion current becomes important while B is the elec-
tron dominant region corresponding to (3.6). For Te> T+ in
the electron attracting region (Vp> VS), the probe field does
work on the electrons apparently increasing their tempera-
18ture . This would serve to decrease the slope of the line
which occurs in region C. Therefore, drawing two best-fit
lines through the data points yields VS as the intersection
point. The inverse of the slope in region B gives the elec-
tron temperature:
Te = e/km (3.7)
where m is the slope usually written as m = d(ln j)/dV. The
intersection of the lines also gives the natural log of the
electron saturation current (neglecting the ion contribution)
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and with Te available makes the determination of ne possible.
From (3.2) and (3.4), the density is found to be:
1
n e = je (saturation)/e x [21me/kT el- (3.8)
where je is the electron current density and will be assumed
to be equal to jp at Vs. It will also be assumed that ne is
equal to nm since np/nm is usually small.
ln j. I
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Figure 3.2-1 Typical Semi-log Plot of Probe Current
Density vs. Probe Potential
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3.3 Effect of Ion Beam On Probe Response
Two probes were used in this study. One was inserted
into the discharge chamber. The other was placed in the beam
plasma. The effect of the beam was to increase the rounding
of the semi-log plot (region A in Fig. 3.2-1). This made the
fit of a straight line fairly difficult. However, it was
still possible to locate three or more collinear points
near the break. Also, the data points comprising region C
were easy to locate.
Segall and Koopman1 7 have found that if the Debye
length, ND, is less than the probe radius, R, and if ce is
much greater than the beam velocity, then the electron
current is approximately:
I = eAPnece exp[-e(VS-Vp)/kTel (3.9)
and that the probe collects electrons primarily on the
surface facing the beam so that:
AP =TTRL (3.10)
where L is the probe length (cylindrical probe). The Debye
length is a measure of the dimension over which thermal
energy affects plasma neutrality and is equal to1 9:
2 1-ND = (eokT/e ne)2 (3.11)
where e0 is the permittivity of free space. From the results
of this study, ND was found to have a value of several milli-
meters as compared to a probe radius of 0.3 mm. Thus, the
probe was operated outside of the regime described above.
However, with no prior knowledge as to the actual probe
collection area, equation (3.10) was assumed to still be
valid. This leads to a possible maximum error of 200 % in
the determination of the electron density.
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For a thin sheath, the ion current to the probe is
basically that portion of the beam intercepted by the probe.
This current is equal to:
I+ = eUAn n+. (3.12)
where A in this case is the area projected normal to the
beam and is equal to 2RL for a cylindrical probe mounted
transverse to the beam. The ion current was not accounted
for in determining ne, Te, and VS since it was found to be
somewhat less than the electron current at the plasma
potential. This would result in a high estimate of Tel? and
a low estimate of ne.
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3.4. Effect of Negative Ions On Probe Response
As previously mentioned, the oxygen plasma may possess
a negative ion density which is many times higher than the
electron density. However, if the temperature of the nega-
tive and positive ions is small as compared to the electron
temperature, their effect on probe response may be neglected.
This can best be illustrated using values obtained from
this study. For the purposes of this exercise, a thin sheath
will be assumed.
At the plasma potential, the probe collects a current
which is equal to:
P= eAp(nece+n-c--n+c+) (3.13)
where the -subscript "-" indicates negative ions. This will
basically be of the type 0~. The temperature of the ions
is basically that of the chamber walls and is estimated to
be about 6000 K. A typical electron temperature in the
chamber is 348,0000 K (or 30 eV) while the electron density
was about 5x1015 M-3. Using (3.2), the quantity nece is
found to equal 1.83x1022 m-2 .s-1. For a positive ion to
electron density ratio of 10 (i.e. n+=5x10 i6 m 3 ), n+c+
is found to equal 3.15x10 19 m-2 .s-1 yielding an electron
to positive ion current ratio of 581. It is assumed that the
negative ion temperature is of the same magnitude as that of
the positive ions and certainly much less than the electron
temperature. Taking T_ = T+ = 6000 K and a negative ion to
electron density ratio of 9 (from plasma neutrality), n-c-
is found to equal 4.01x1019 m- 2s-1 or 0.22% of the electron
contribution at VP = VS. Of course, at VS, the negative and
positive ion contributions, being of opposite sign, tend to
cancel each other out. In the electron repelling-positive
ion attracting region in which the plasma properties are
computed (region B in Fig. 3.2-1), the effects of the
negative ions are negligible. When the probe is biased only
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a few volts negative with respect to the plasma, the low
temperature negative ions are almost totally repelled.
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3.5 Sheath Thickness
The approximate thickness of the sheath in the elec-
tron repelling-ion attracting region may be found using the
familiar Child-Langmuir Law for space-charge limited ion
current between two electrodes at different potentials:
j+ = 4e0V1.5(2e/m)2 /9L2  (3.14)
where V is the potential difference and L is the inter-
electrode spacing. If the probe and sheath radii are of the
same magnitude (See Fig. 3.5-1), then their surfaces may be
approximated as flat electrodes. L then becomes the sheath
thickness, 1s. The sheath has to conduct all the ions inter-
cepting it so that j= ien c+. Inserting this and (3.2) into
(3.14) and solving for 1s yields:
1= [8e0(T/ekT+)(V SV P)1.5/9n+1 (3.15)
Taking into account the fact that the modified Bohm velocity
derived in Section 2.3 yields values which are slightly
lower than c+, it would be expected that the sheath is
slightly thicker than predicted by (3.15). However, (3.15)
still serves as a good estimate. Boyd and Thompson20 conclu-
ded that for a highly electronegative plasma with T_~ T+
the probe collection area approaches the sheath surface area
in the case of a spherical probe.
probe
ls
R
sheath
Figure 3.5-1 Sheath Formation On A Langmuir Probe
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3.6 Orbital Motion Limit
Much of the theory presented above assumes a thin
sheath. However, as previously mentioned, the sheath conti-
nues to grow in thickness as the probe potential is lowered
with respect to the plasma. A point is reached at which not
all the particles entering the sheath are collected. Some
particles of sufficient energy enter the sheath but escape
the probe's influence. The theory of orbital motion limit
(OML) analyzes the phenomenon assuming a very thick sheath.
Using energy and momentum conservation, it is possible to
determine the energy at which capture occurs. All particles
possessing lower energies are captured while those possessing
higher energies escape. The number of particles collected
can then be found by using the energy distribution function
and integrating from zero to the capture energy. The results
in the positive ion attracting region have been found to
be18,
I+ = APn+e(2kT+m+)2/{ (Xp) 2.
1
+ i(i)2exp(Xp)(1-erf(Xp2))J (3.16a)
I = IAneceexp(-X*) (3.16b)
for electrons and ions with Maxwellian energy distributions.
The quantities Xp and X* are equal to e(V -V )/kT and
e(V -VP)/kTe respectively. Erf is the error function.
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3.7 Effect of Magnetic Field On Probe Response
The effect of the magnetic field may be considered
negligible if the Larmor radius, rL, is larger than both R
and ND 18. The Larmor radius is the radius of the circular
trajectory described by a charged particle in a magnetic
field and is equal to:
rL = mvt/ZeB (3.17)
where B is the magnetic field strength and vt is the tan-
gential velocity. Taking the tangential velocity to be the
thermal velocity given by (3.2) and a field strength of
2.04 x 10~3 Tesla, the following values are obtained:
rLe = 10.2 mm
rL+ = 102.6 mm
ND = 0.58 mm
R = 0.13 mm
The field strength chosen is typical of that present in the
vicinity of the probe for many of-the runs made in this
study. Te was taken to be 30 eV, ne was taken to be 5 x 1015
m~3, and T+ was assumed to be 6000 K. Thus, the'effects of
the magnetic field may be neglected over the general range
of this study.
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IV. APPARATUS AND PROCEDURE
4.1 Engine Construction
The engine is constructed as shown in Figure 4.1-1.
The aluminum outer body serves to keep the magnetic field
windings cool. It is 11.4 cm long with an outer diameter of
10.2 cm and is 2.38 mm thick. The magnetic field is produced
by turns of insulated wire mounted as shown in Figure 4.1-2.
The anode is made of steel and is mounted on three ceramic
insulators attached to the outer body. It is 10.5 cm long,
1.59 mm thick, and has an outer diameter of 6.35 cm. The
backplate is made of 0.51 mm thick steel plate and is
supported by screws attached to the outer body. Sealing is
accomplished by a fillet of silicone rubber around the outer
edge. A ceramic plug serves as the cathode mount. Two 0.635
mm diameter tungsten rods pass through holes drilled in the
ceramic plug. Spotwelded to the tungsten feeds is the ca-
thode filament which is a 1.02 x 0.05 mm tungsten ribbon.
The screen and accelerator grids were supplied by the
Jet Propulsion Laboratory and are identical. They are 11.4 cm
in diameter and 1.02 mm thick. There are 211 holes machined
into the grids, each with a diameter of 4.76 mm. The open
area fraction is approximately 0.464. The grids are sand-
wiched between aluminum brackets and are kept separated by
small ceramic rings (See Fig. 4.1-1, close-up). The space
between the grids is approximately 2 mm.
The neutralizer is a 0.25 mm diameter tungsten wire
spotwelded to 0.635 mm tungsten feeds. These pass through
a ceramic block supported by a clamp. The neutralizer is
located several centimeters below the engine.
The engine and neutralizer are mounted on a metal test
stand. The neutralizer is held by a clamp while the engine
is mounted on an aluminum bracket. An integral part of the
engine mounting bracket is a ceramic spacer which electrical-
ly insulates the engine from the test stand.
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4.2 Electrical System
Electrical power to the engine is supplied by one AC
and several DC power supplies. The configuration and speci-
fications are shown in Figure 4.2-1. Voltage and current
readings were made primarily with a digital multimeter
(Keithley Model 169). Its accuracy is listed as + 0.25%
(voltage) and 1.5%(current) by its manufacturer. It was used
to measure the anode collection current (IA), neutralizer
emission current (IN), accelerator grid impingement current
(IG ) and the cathode emission current (IC). The reference
voltage (VR), anode voltage (VA), and magnetic field current
(IBF) were read from the power supply meters and were found
to have accuracies of + 1%, ± 3%, and 1 2% respectively.
4.3 Langmuir Probe System
The probes were constructed using tungsten as the
collection material to reduce secondary emission effects.
The chamber probe is a length of 0.254 mm tungsten wire
inserted in a 1-57 mm diameter ceramic tube. The stream
probe is a 0.635 mm diameter tungsten rod inserted in a
1.45 mm diameter ceramic tube. The tungsten collectors are
spotwelded to nickel which is in turn soldered to insulated
wire which leads to an electrical jack in the base of the
vacuum chamber. The tungsten-nickel-wire joint is shielded
with heat shrink tubing.
The electrical configuration is shown in Figure 4.3-1.
The chamber probe is referenced to the anode while the stream
probe is referenced to ground. The probe potential, VP, was
measured using an electromechanical voltmeter while the
probe current, IP, was measured using the multimeter de-
scribed in Section 4.2. The electromechanical voltmeter
was found to be accurate to within + 1 V up to 100 V and
t 5 V up to 200 V. The potential was manually varied.
44
+50 V 300 V v 500 V
60 A 5 A O.2 A
120 V
600 V
0.3 A
Figure 4.2-1 Power Supply Configuration
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4.4 Vacuum Chamber and Propellant Feed System
The engine is located in a small vacuum chamber. With
mechanical and diffusion pumps in series, pressures of approx-
imately two microtorr are achievable with no gas flow. The
chamber is about 0.7 m tall, 0.45 m in diameter, and encloses
a volume of about 0.12 m. An ionization pressure gauge was
used to measure the pressure in the chamber. With gas flow,
the pressure rose to the upper 10-6 to lower 10-5 torr range.
The propellant feed system is as shown in Figure 4.4-1.
Propellant was supplied from a high pressure gas cylinder. A
pressure regulator was used to feed a micrometering valve at
slightly higher than one atmosphere inlet pressure as
measured with a mechanical pressure gauge. A vernier control
determines the flowrate to the thruster. Plastic tubing was
used outside the chamber while copper tubing was used inside.
A 3.18 mm (i.d.) copper tube was connected to a 3.18 mm
(i.d.) steel tube by way of a Teflon sleeve (See Fig.4.1-1).
The sleeve served to electrically insulate the engine body
from the feed system which is grounded. The steel tube enters
the discharge chamber through the backplate. A baffle made
of a metal ring and wire screen was used to distribute the
gas.
regulator metering
valve
thruster
oxygen
high mechanical
pressure pressure
cylinder gauge
Figure 4.4-1 Propellant Feed System
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V. RESULTS AND DISCUSSTON
5.1 Overview
A total of 36 runs were made in the course of this
study. A run consists of the data obtained from the chamber
or stream probe for a fixed set of engine operating para-
meters or a particular probe position. The data is presented
in Appendix A in the form "ln jp vs. Vp". The actual current
may be computed using the fact that the chamber probe had
a collection area of 1.08 x 10-6 m2 and the stream probe had
an estimated area of 4.43 x 10~ m 2. The chamber probe area
was computed using a radius of 0.127 mm and a length of 1.30
mmas measured with a micrometer. The formula for the area
is:
Ip = 1 R2 + 21 RL
The stream probe area was computed using (3.10) with R equal
to 0.318 mm and L equal to 4.45 mm. The chamber probe was
inserted approximately 2.5 cm into the discharge chamber
through various grid holes. The stream probe was mounted on
a movable arm which allowed it to be rotated throughout the
beam area and placed the probe 17.5 cm above the vacuum
chamber base (about 8 cm below the engine).
As can be seen from the data, the determination of ne,
Te -and VS was most easily accomplished with the chamber
results. The stream probe characteristics exhibit excessive
rounding . This made the break difficult to locate. Also,
when high neutral flowrates were used, the chamber probe
tended to noticeably affect engine operation. That is, the
probe collected up to 23 mA (Run #7) which visually affected
the anode collection current and distorted the probe charac-
teristic.
The data obtained in Run #5 apparently indicated the
presence of two maxwellian electron groups 21. The plasma
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properties were computed by first geometrically separating
the contribution of each group. This was the only run in
which two groups were indicated although double groups have
been noted in other runs not presented here.
The gas flow rate into the engine is provided in the
form "equivalent neutral current" or IO. This is the current
which would be produced if all of the neutrals were converted
into singly charged ions. Thus, the formula for determining
the neutral flowrate is:
I0 = em/M
where m is the mass flow rate and M is the molecular mass.
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5.2 Radial Variation of Chamber Plasma Properties
This series consisted of six successive runs in which
the chamber probe was placed at different radial positions at
a depth of about 2.5 cm into the discharge chamber. Since a
movable chamber probe was not available, this required that
the vacuum chamber be opened between runs. The probe loca-
tions and engine parameters are listed in Table 4.2-1. Note
that r=0 cm indicates the engine centerline, r=3 cm is the
anode, and r=5 cm is the outer body.
Table 5.2-1 Probe Location and Engine Operating
Parameters-Radial Variation of
Chamber Plasma Properties
IO 107.1 mA; VG= 400 V; IEF= 2.5 A;
VR= 200 V; VA= 125 V
Run # r(cm) IA( fmA) TC(mA) IN(mA)
1 0.00 920 908 4.98
2 0.75 913 908 5.30
3 1.50 916 908 5.00
4 2.25 916 908 5.30
5 3.00 920 908 5.48
6 4.00 917 908 5.11
Figure 5.2-1 is a graphic representation of the re-
sults. The electron density is seen to decrease radially with
a sharp decrease at radial positions greater than 1.5 cm. The
electron temperature is seen to rise sharply over the same
range. The results obtained near the anode indicate two max-
wellian electron groups of slightly different temperatures.
The density of the lower temperature group is much less than
that of the higher temperature group. The plasma present be-
tween the anode and outer body is seen to have a density
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which is somewhat less than that of the plasma within the
anode.
5.2a Estimate of Beam Current and Ion Loss to Outer Body
Using Modified Bohm Velocity
In Section 2.3, the modified Bohm velocity was derived
to take into account the presence of negative ions in deter-
mining positive ion losses to the boundary sheaths. For
n_ >> ne (2.11) reduces to:
vMB = (kT-/m+)2
For an ion temperature of 6000 K, a value of 360.1 m/s is
.obtained (as compared to a thermal velocity, c,, of 574.7
m/s). A usual approximation is that the beam current is equal
to the ion current penetrating the screen grid sheath times
the open area fraction, F, i.e.:
IB C! eFAvMBn+
where A is the total grid area. From Figure 5.2-1, the
average electron density is found to be approximately 1.41
x 1015 m-3 within the anode. For a positive ion to electron
density of 10 (See Section 2.2), the beam current is found
to be:
I B (10)(1.6x10~1 9)(0.464)(360.1) x
BT [(0.03 2)(1.41x1015 )+ T(0.05 2-0.03 2)(2. 66x1014
= 1.42 mA
where the latter term is the contribution from the plasma
located between the anode and outer body. The neutralizer
emission current, IN, varied between 5 and 5.5 mA for this
set of runs (Table 5.2-1).
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The positive ion losses to the.outer body may like-
wise be estimated. The aluminum outer cylinder collects a
current equal to:
I = 2 TT RLen+v BM
= 21T (o.05)(0.11)(1.6x10-19)(10x2.66x1014)(360.1)
= 5.3 mA
where the density of the outer plasma (the plasma located
between the anode and outer body) is assumed constant in the
axial direction. The backplate collects a current equal to:
I = eAbackplatev MBn+
which is equal to the beam current as calculated above divi-
ded by the open area fraction. This yields a value of 3.06
mA. Finally, the screen grid collects a current equal to:
I = eAscreen(1-F)vMBn+
which is equal to the beam current times (1-F)/F. This
yields a value of 1.64 mA. Thus, the total current collected
by the outer body is estimated to be of the order of 10 mA.
The total losses to the beam, to the outer body, and to the
accelerator grid are found to be about 11.9 mA. The loss to
the accelerator grid was taken to be 0.5 mA which is the
value obtained in a previous run under similar conditions.
The total ion losses should equal, through current conser-
vation, the difference between the anode collection current
and the cathode emission current. The actual values obtained
(Table 5.2-1) varied between 5 and 12 mA. If the unmodified
Bohm velocity were used, the values obtained would increase
by a factor of about (T /T_ )2 or 24 which would be quite
unreasonable.
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The discrepancy between the calculated beam current
and the neutralizer emission current is probably due to the
following reason. Near the screen grid, the sheath formation
is approximately as shown in Figure 5.2-2. This effectively
increases the ion collection area and through proper focusing
or conduction of the ions through the grid system also
increases the beam current. Also, the neutralizer current
may be slightly less than the beam current due to the addi-
tional introduction of electrons from the vacuum chamber
walls through the secondary emission process.
if,
Go
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screen
grid
Figure 5.2-2 Sheath Formation Near Screen Grid
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5.3 Effect of Magnetic Field Strength On Chamber
Plasma Properties
It had been noted in previous runs that the discharge
could be increased by increasing the magnetic field strength.
However, a point was reached at which the discharge would
become unstable or decrease with further increases in the
strength of the magnetic field. This series of seven runs
was made to analyze this situation. The engine operating
parameters are listed in Table 5.3-1 while the results are
shown in Figure 5.3-1. The probe was located at the engine
centerline at a depth of 2.5 cm into the discharge chamber.
Table 5-3-1 Engine Operating Parameters-Magnetic
Field Variation
IO= 299.3 mA; VG = 400 V; VA= 125 V; VR= 100 V
Run # IBF(A) IA(mA) IC(mA) IN( fmA)
7 5.0 965 900 17.5
8 4.5 963 900 16.7
9 4.0 944 903 15.9
10 3.5 943 900 14.2
11 3.0 931 900 11.6
12 2.5 926 900 7.6
13 2.0 914 900 3.0
At lower magnetic winding currents, IBF' the electron
temperature and plasma potential are both relatively high
while the electron density is low indicating that fewer
ionizing collisions are occurring. At an IBF value of 3.5
amps, a peak is evident in the electron temperature and
plasma potential curves. The reason is unknown. At the same
point, the electron density begins to level off. As IBF is
further increased, the plasma potential begins to drop
while the electron temperature begins to rise.
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For a plasma in the presence of a magnetic field, the
diffusion coefficient in the direction perpendicular to the
field lines (radial in this case) is given by the Bohm
formula:
D = kTe/16eB
Thus, as the field strength, B, is increased, the radial
diffusion rate is decreased for a nearly constant Te. This
explains the increase of ne. Also, this explains why the
discharge is halted or begins to operate in a pulse mode at
high magnetic field strengths. As B is increased, fewer
electrons are able to migrate to the anode and the anode is
eventually starved i.e. the current cannot be supplied by
enece/4 in a smooth manner.
The strength of the magnetic field may be determined
using the solenoid equation:
B = uonI BF
where u0 is the permeability of vacuum and n is the number
of turns per unit length. In an effort to obtain a radially
uniform beam (which is usually accomplished with a diverging
magnetic field), the windings were placed such as to create
a field which decreases in strength towards the grids. Thus,
there are five turns of wire near the cathode end, four
turns near the center, and one turn at the end of the outer
cylinder nearest the grids. Applying the above equation, the
following results are obtained:
B(gauss)
IBF(A) 5 4 3 2 1
5 turns(n=2710 m~ ) 170.3 136.3 102.2 68.1 34.1
4 turns(n=2168 m-1 ) 136.3 109.0 81.8 54.5 27-3
3 turns(n=542 m~1 ) 34.1 27.3 20.4 13.6 6.8
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5.4 Effect of Neutral Current Variation On Chamber Plasma
This test was performed to confirm expected results.
That is, as the neutral current, IO, is increased, it is ex-
pected that the electron temperature will decrease and the
electron density will increase. This would be due to the fact
that there are an increasing number of "target" particles
for the primary electrons to collide with. The engine para-
meters are given in Table 5.4-1 while the results are found
in Figure 5.4-1. The chamber probe was located at the center-
line position. The neutral current was varied over the
general range used in this study. The maximum value used was
299.3 mA in Section 5.3.
Table 5.4-1 Engine Operating Parameters-Neutral
Current Variation
VA= 125 V; VG= 300 V; IBF 3 A
Run # VR I(mA) IA(mA) IC(mA) IN(mA)
14 300 80.1 986 966 3.36
15 100 180.6 990 960 4.80
16 100 272.2 990 960 7.80
*Note: VR decreased to prevent discharge between
neutralizer and body.
The results are as expected. Note that at an I value
of 80.1 mA, the plasma acquires a potential of -7 volts with
respect to the anode. It is possible that the probe is in
contact with the cathode sheath. It is also possible that
this is a response by the plasma needed to maintain the cur-
rent to the anode in light of the low electron density
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Figure 5.4--1 Effect of Neutral Current Variation
On Chamber Plasma Properties.
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5.5 Radial Variation of Stream Plasma Properties
The movable stream probe was used to make this series
of six runs. The object was to determine the beam current
using probe data. The engine was operated under the condi-
tions given in Table 5.5-1 along with probe radial posi-
tion. The axis is that point directly below the engine
centerline and the probe axial position is about 8 cm below
the engine.
Table 5.5-1 Probe Location and Engine Operating
Parameters-Radial Variation of Stream
Plasma Properties
IO= 118.8 mA; VR= 200 V; VA= 125 V; VG 400 V;
IBF= 2.5 A; I= 516 mA; i= 512 mA; IN= 1.9 mA
Run # r(cm)
17 0.0
18 2.8
19 5.5
20 8.1
21 10.6
22 15.2
The results are displayed in Figure 5.5-1. The electron
temperature and plasma potential exhibit the same trends
with a peak at or near r= 5 cm. The potential remains con-
sistently above 100 volts with respect to ground while the
temperature to potential ratio varies between 0.6 and 0.8.
The density, as expected, displays a radial decrease with a
maximum at the center of 8.2 x 10 m~3. At r = 15.2 cm, the
density decreases to 4.59 x 1013 m-3.
The beam current is given by the formula:
IB = eUAn+
6o
0.0
0
I
A
'C
'C
x
15 20
I
Probe radial position, r, cm
Figure 5.5-1 Radial Variation of Stream Plasma
Properties
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where U is equal to (2eVN/m+)2 (See Section 2.4). For this
power supply and probe configuration:
VN VS(chamber) +VAVRVS(stream)
where the plasma potential values are those obtained from
probe results. Thus Vs(chamber) is referenced to the anode
and Vs(stream) is referenced to ground. From Figure 5.2-1,
the average potential is seen to be about 20 V. The stream
plasma potential will be taken to be 140 V. These values
yield a beam velocity of 35,115 m/s for a VN value of 205 V.
The quantity, A, above is the beam cross section area. Refer-
ring to Figure 5.5-1, it will be assumed that the beam boun-
dary is located at the point at which the slope of the den-
sity curve decreases abruptly i.e. at r = 8 cm. Thus, A is
equal to 1T(0.08)2 or 0.02 m 2. The average density over this
range may be found using the equation:
ie [OR 2IT rne(r)dr /1T R2
where R is the beam radius (8 cm). Assuming a cubic form
for n e(r) and using Cramer's Rule, the following result is
obtained:
n e(r) = 2.76x10E7r3 - 9.07x10 1 5r2 _ 9.49x1O 15r
+ 8.20x1014  (m 3 )
Inserting this into the above equation and integrating yields
an average density of 3.41 x 10 14 m 3 . Assuming that n+ = n e
,the beam current is then computed to be:
IB = (1.6x10-19)(35115)(0.02)(3.41x1014 )
= 38.3 mA
This would seem, in light of other data such as IC and IA' to
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be much too high. The probable cause of this error is a
rather dense background plasma which is formed by ions and
electrons created outside the engine by the rather energetic
neutralizer electrons. Also, some of the beam particles
probably rebound from the base and linger until they are
eventually neutralized. A further source of error may be
that the probe area was underestimated. If, in fact, the
probe was collecting current on both the upstream face and
the downstream face, then the densities obtained would be
double those actually present.
With the above in mind, the estimate of the beam
current can be modified to account for the possible errors.
First of all, the contribution from the background plasma
can be accounted for. From Figure 5.5-1, it can be seen
that the electron density outside r = 8 cm is about 1x1014
m~3 . It will be assumed that this is'the density of the back-
ground plasma. The error it introduces is:
I = (1.6x10~19 )(35115)(0.02)(1x1014)
= 11.2 mA
This yields a corrected IB value of 27.1 mA. Now, this
value may be divided in half to correct for the error in
the probe collection area. This yields a final beam current
value of 13.6 mA which is much closer to the expected
result of about 2 mA as determined by the neutralizer
emission current.
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5.6 Effect of Accelerator Grid Potential Variation On
Stream Plasma Results
Nine successive runs were made to test the effect of
accelerator grid potential variation on the stream plasma.
Table 5.6-1 lists the engine parameters. Figure 5.6-1 dis-
plays the results. The probe was left at the beam center
location (r=0).
Table 5.6-1 Engine Parameters-Accelerator Grid
Potential Variation
116.8 mA;
V (V)
500
450
400
350
300
250
200
150
100
*
Note: VA
to
VR= 200 V;
T (mA)IA
516
516
517
518
516
516
514
513
511
VA= 125 V
*
IC (fA)
509
509
509
509
509
509
509
509
509
I N (mA)
1.97
1.98
1.99
1.98
1.99
2.00
2.04
2.12
2.38
130-140 V for some latter runs
maintain IC,
The electron density remained constant for the most
part. At higher values, VG >300 V, the density began to
decline. This may be due to higher beam velocities or a
change in beam focusing i.e. the beam may be broader at
higher VG. The plasma potential also remained fairly con-
stant but evidently began to decline at higher V,. It would
appear that the plasma potential is determined by something
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Figure 5.6-1 Effect of Accelerator Grid Potential
Variation On Stream Plasma Properties
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other than the grid potential. The neutralizer or the va-
cuum chamber walls are the likely candidates considering the
results of this and the next section. It would also appear
that the space-charge limit of the grid system has not been
reached since the neutralizer current remains fairly constant
i.e. the beam current is not noticeably diminished when V,11
is set at the lower values.
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5.7 Effect of Reference Potential Variation On Stream
Plasma Properties
In this series of runs, the reference potential was
set at various values between 0 and 400 volts with respect
to ground. The engine operating parameters are listed in
Table 5.7-1. The probe was located at the beam center loca-
tion (r=0).
Table 5.7-1 Engine Operating Parameters-Reference
Potential Variation
Run # VR (V) IA(mA) IC(mA) IN(rmA)
32 400 518 510 3.23
33 300 515 510 2.74
34. 200 513 510 2.43
35 100 513 510 2.23
36 0 509 510 1.79
IO= 116.8 mA; VG 400 V; VA= 125 V; IBF= 2.5 A
The results are presented in Figure 5.7-1. The electron
density remained fairly constant at a value of about 7 x 1014
m~3. Both the electron temperature and plasma potential ex-
hibited a local peak at a VR value of 100 V. At a VR value
of 400 V, the electron temperature and plasma potential dis-
played a sharp rise. The reference potential thus seems to
have an effect on the plasma potential but does not solely
determine it i.e. the plasma potential is not linearly de-
pendent on the reference potential. As VR was increased, the
neutralizer current also increased. This may be due to the
increased current collected by the outer body much as the
probe collects more current at higher potentials. However,
the most likely cause is an increase in the beam current.
As VR is increased, the beam velocity also increases due to
a higher VN. For a nearly constant ne, the beam current is
also increased.
67
0
0
0.O ....
/
A O
U)
r-)
150 0
0
*H +-)
4-o
0 0
o o)
100 M .-4
0
4-,
0
4
0
1015
,( x
0 100 200 300 400 500
Reference Potential, VR, volts
Figure 5.7-1 Effect of Reference Potential Variation
On Stream Plasma Properties
68
a)
O)
50 4-
p4
0
C.)
0
I
I I
VI. C O-NC LUSTONS AND RECOCTyMENDAT T ONlS
6.1 Conclusions
It appears from the results of this study that oxygen
can indeed be used as the propellant in an ion thruster.
Erosion of the cathode seems to be the main factor determi-
ning thruster lifetime. The lifetime of a cathode was found
to be at least ten hours during this study. In fact, the
majority of these runs were made using the same cathode. The
neutralizer filament exhibits much less erosion. It should
also be noted that a yellow powder begins to accumulate on
the anode. This is most probably tungsten trioxide since it
resembles the layer formed on a tungsten filament which is
heated to incandescence in air. The yellow layer did not
seem to be detrimental to engine operation.
It was found that the plasma properties were most
easily determined using the results obtained from the cham-
ber probe. One reason may be that the sheath-formed around
the probe in the higher density chamber plasma is thinner
than the stream probe sheath. Also, the ion beam seems to
cause undue rounding of the stream probe characteristic.
Finally, the apparently high electron temperature in the
beam plasma results in a small slope on the semi-log plot.
This makes the break hard to detect.
Assuming that the neutralizer emission current is
approximately equal to the beam current, the propellant
utilization efficiency is found to be about 5% for the cham-
ber radial variation runs and up to 6' for the magnetic
field strength variation runs. The actual values may be
somewhat higher since it is likely that secondary emission
from the chamber walls accomplishes some of the neutrali-
zation. The approximate thrust produced, using a beam velo-
city of 35,115 m/s (Section 5.5) and a beam current of 5 mA
is 58 micronewtons.
The presence of negative ions does not seem to cause
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any major problems as far as engine operation is concerned.
It is true that the negative ions require energy to form and
contribute no work in the form of thrust. However, it would
seem that the population of negative ions reaches a steady
level so that the energy required to form new negative ions
is minimal. That is, the rate of production of new negative
ions is such as to just replace those lost to processes
internal to the plasma.
Propellant utilization is also apparently reduced
because of the presence of negative ions. They decrease the
rate at which ions migrate to the sheaths (modified Bohm
velocity) which in turn decreases the beam current. That
is, for a given discharge chamber positive ion density, a
higher beam current is attainable using non-electronegative
gases. Of course, if the engine is operating in a mode such
that the beam current is determined by the space-charge limi-
tation of the grid system, then the above problem becomes
irrelevant. The concept of the modified Bohm velocity
seems to correctly predict behavior in the oxygen thruster
although more tests are required to confirm its validity.
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6.2 Recommendations
There are several areas in which work may be done to
improve engine performance and the gathering of data. The
engine was not optimized in any way except for the selection
of the anode potential. Improvements can be made in the de-
sign of both the grid system and the configuration of the
magnetic field. The thickness of the grids and the diameter
of the apertures should be optimized to obtain proper focus-
ing. A possibility for a new magnetic field configuration
is the "cusp" design which employs permanent magnets to
better confine the plasma. The possibility of installing a
hollow cathode should be looked into. They require less power
during operation than a filament and may be the only way of
getting around the cathode erosion problem. Also, engines
equipped with hollow cathodes seem to exhibit better per-
formance, perhaps because they produce excited state neutrals
which require less energy to ionize.
The test set-up can also be improved in several ways.
A larger vacuum chamber seems to be the most critical. The
beam path must be extended to prevent the possible rebound-
ing of particles from the base. Also, cold baffles should be
installed to reduce the density of the background plasma.
Data gathering can also be improved. A faster way of gather-
ing data is called for. A computer would be ideal since it
could not only gather data quickly, but it could also pro-
duce and display the results immediately. Also, a movable
chamber probe allowing rotation and axial translation would
serve the purpose of examining the entirety of the discharge
chamber plasma. This would permit preliminary models to be
made.
And finally, a device for the purpose of thrust
measurement should be installed. This poses a challenge
because of the low thrusts involved. However, other research-
ers routinely use such devices.
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Appendix A: Probe Data and Results
A.1 Chamber Probe - Runs # 1-16
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A.2 Stream Probe - Runs # 17-36
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Appendix B: Metal Extraction From
Lunar Soils
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Appendix C: Calibration of Gas Flowmeter
The micro-flowmeter used in this study was calibrated
using the apparatus shown in Figure C-1. Basically, this is
a volume displacement calibration. The flowrate is determined
by the setting on the vernier dial (in number of turns open)
and by the upstream or feed pressure. The outlet is choked
since the outlet pressure is less than 0.53 times the inlet
pressure. This situation also exists during engine operation.
The procedure is to first purge the lines of air and then
fill them with oxygen. The shut-off valve is closed and
the flowmeter set at the desired flowrate. The time to with-
draw one milliliter from the pipette is noted. Using the
ideal gas law, the flowrate, Q, is given by:
Q = Vp/tRT
where V is the volume displaced (1 cm3 ), p is the pressure
(1 atmosphere), R is the gas constant for oxygen (259.8
J-kg.1-K-1), and T is the temperature of the gas (2940 K
assumed). The atmospheric pressure was 99052 Pa on the day
the calibrations were performed. The flowrate can then be
converted to equivalent neutral current, IO, using the
formula:
IO = eQ/M
where M is the molecular mass (5.32x10-26 kg). The data and
results are presented in Table C-1. These values are obtained
using an inlet pressure of one atmosphere. During actual
engine operation, the inlet pressure was maintained at a
slightly higher pressure (up to 1.2 times atmospheric) to
prevent air leaks into the system. The true flowrate may be
obtained using the equation:
10 (actual) = Pi 0 (cal)/Pi(cal)
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where P is the actual inlet pressure and IO(cal) and P (cal)
are the values used during calibration. Four timings were
taken at each setting to determine repeatability. The average
value along with the
Table C-1
# turns open
0.4
0.5
0.6
0.7
0.8
0.9
1.0
one sigma deviation in percent is given.
Flowmeter
t(sec)
48.8
41.0
30.2
22.6
17.0
14.6
15.0
Calibration Results
% error
0.9
6.5
2.5
12.7
9.8
3.4
7.3
IO0(mA)
80.1
95.4
129.5
173.0
230.0
267.8
260.7
regulator
02
cylinder
shut-off
valve
flowmeter mechanical
pump
5 ml pipette
beaker and
water
Figure C-1 Flowmeter Calibration Apparatus
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